Original scientific paper Cooling of injection moulds manufactured by machining has limitations because cooling channels are formed by conventional straight holes. With additive manufacturing, the cooling channels can be produced in the shape which is adjusted to the cavity and core surface of injection moulds. Those kinds of cooling channels are called the conformal cooling channels. Conformal cooling channels can significantly reduce cycle time of plastic injection moulding process and significantly improve the quality of products. Thus, in this work conformal cooling channels for industrial case study were constructed and analysed. Besides expected tests, cooling simulation has been performed, comparing conventional and proposed cooling technology. Results have been confirmed also by testing prototype with conformal cooling channels, showing significant improvement in reducing cycle time, more than 40 %.
Introduction
In injection moulding, production of tube shoulders is using injection mould tool insert with convectional cooling channels. Tube shoulders are presented in Fig. 1 and tool insert for production of tube shoulders is presented in Fig. 2 . These cooling channels are machined. Due to limitations of machining processes, the cooling channels have to be straight. Alternatively, additive manufacturing processes enable manufacturing of inner channels with complex geometry. Thus, proposed is the usage of combination of conventional machining and additive manufacturing technology. In the past, some researchers tried to combine technologies for additive manufacturing and machining technologies, but their main purpose was found in making near-net shape and then use milling process to produce finished shape [1] . Other scientists divided CAD model of products into two or more modules, where some modules were produced by milling and others by additive process, subsequently assembled in end product [2] , [3] and [4] . By hybrid manufacturing it is possible to produce parts composed of two or more different metals. This year new paper [5] has been published in which a machine for hybrid manufacturing is introduced along with an application example for oil-energy industry where Inconel 718 features are added on the Stainless Steel alloy (316S31) substrate. It has been found that hybrid manufacturing of that product brings significant reduction in material costs compared to the case where entire part was made of Inconel 718 by machining.
In our case, milling and turning is combined with selective laser melting technology. Selective laser melting is the process where the layer of metallic powder is melted and fused together layer by layer, with the high powered laser, directly from CAD data to create functional metal parts. Our goal is in order to part of the product which is possible to produce with conventional subtractive process will be manufactured by milling or turning. The other part of product with a complex geometry, which is difficult, impossible or very costly to machine, will be manufactured by selective laser melting (SLM) technology. Therefore the product will be split in two parts, with straight plane, before processing. The base part, in most cases the biggest part, will be manufactured by milling and then the operator will move the intermediate product from milling machine to the machine for selective laser melting. Subsequently, operator will fill building chamber with metal powder and then the machine will start building the second part of product from the upper surface, where the milling machine finished the base part of the product. That kind of production is primarily intended for manufacturing injection moulding tool inserts with conformal cooling system. The conformal cooling system is a term for cooling channels which conform to the contours of the insert or cavity of injection moulding tool or tool for die casting. With conformal cooling system better dimensional accuracy of the moulded part is achieved reducing cycle time of injection moulding up to 40 % [6] and [7] . The conformal cooling channels are very desirable for injection moulding industry. But for conformal cooling system is decided by toolmaker only in special cases, due is not possible to do this system with conventional processes and additive manufacturing processes are too expensive for making entire tool. With that kind of hybrid manufacturing, we want to manufacture moulds for injection moulding cheaper with conformal cooling channel, so that it will be accessible for more toolmakers. Because cutting tool cannot access inner surfaces of conformal cooling channels we decided to combine this process with additive process. With additive process it is not a problem to manufacture conformal cooling channels.
Construction of conformal cooling channels
Current injection moulding tool insert for moulding tube shoulders which is used in production has some limitations. The shape of current cooling channels is very simple because insert is manufactured by machining. Channels are composed of inlet hole, outlet hole and base channel which is separated to two channels with barrier as is shown in Fig. 3 . Cooling channels are located only on one side of the tool and it is expected that tempering of insert is uneven. This is confirmed by subsequent cooling simulation. With the intention to improve cooling performance, new cooling channels, adapted to the shape of the moulding insert were constructed in commercial software package. New improved shape of cooling channels is presented in Fig. 4 . The inlet and outlet holes are continued in semicircular inlet and outlet channels. Inlet semicircular channel is then divided in four smaller channels which are fitted to injection moulding tool insert surface. The minimum diameter of the channel that could be manufactured by selective laser melting process, is 1 mm, however, the recommended diameter for easy powder removal is 2 mm. The minimum diameter of the constructed cooling channels was about 2 mm. 
Cooling simulation
Cooling simulation of both current and new improved moulding insert was performed. Unstructured tetrahedral mesh of tool structure and cooling channel was generated in ANSYS ICEM CFD (Release 15.0, 2013). Number of computational cells is presented in Tab. 1. Constant water (cooling fluid) flow rate of 6 l/min and temperature of 293 K was prescribed to enter the cooling channel. At the outlet gauge pressure of 0 Pa (environmental pressure) was defined. k-ε model was used to model turbulent flow behaviour. The tool is made of steel with density 8030 kg/m 3 , specific heat 502,48 J/kgK and thermal conductivity 16,27 W/mK [8] . Temperature of tool was set to 373 K in the beginning of simulation. Adiabatic condition was set at the tool outer surface (no heat is lost to the environment). Governing equations describing fluid motion and heat transfer were discretised and solved in ANSYS Fluent (Release 15.0, 2013). 8 s of cooling was simulated with time step size of 0,001 s. Maximum of 40 iterations was allowed within individual step. Five points were selected on both tool inserts for plotting graph. One on top of inserts and four on an inclined surface at an interval of 90° as shown in Fig. 5 . In Fig. 6 is presented distribution of temperature on the surface of both tool inserts. Temperature distribution on insert with conventional (machined) cooling channels is presented on the left side of the figure. On the right is conformal cooling insert. Tool insert has temperature of 373 K on the start of simulation. Then is simulated heat transfer through the body of metal insert when the flow of water with a temperature of 293 K is established in cooling channels of both tool inserts. The figure represents sequences of temperature distribution during different cooling times. Temperature distribution on the start is shown in the first row, after 2 s it is in the second row, in the next row the distribution is after 4 s followed by the distribution after 6 s and in the end is distribution after 8 s. It is clearly seen that the temperature distribution during cooling of a conventional tool insert is not uniform. Only on the side of the tool, wherein the cooling channels are located (point 1 in Fig. 5 ) can be observed significant cooling. On other sides of tool insert can be observed negligible cooling down during 8 s. Temperature distribution in the case of proposed conformal cooling channels is extremely different. From the sequences it is observed that cooling down is extremely more uniform and significantly faster. After 8 s it is seen that the whole upper part of the tool insert reaches temperature of about 293 K which is the temperature of the inlet water. In Fig. 7 is presented a graph which shows that the temperatures in five selected points depend on the time on both tool inserts. It can clearly be seen that there is a rapid decrease of temperature in all five points on tool insert with conformal cooling channels system in the first half of the cooling time. In the second half of the cooling time the temperatures in all five points are very close to the fluid temperature. Here can be seen slight decreasing. On the tool insert with conventional cooling channels only the temperature in point 1 significantly decreases. The final temperature in point 1 does not reach as low temperature as in the case of conformal cooling because surrounding material does not allow such rapid cooling. The temperature in other four points decreases very slightly, because there are no cooling channels in the closeness of those four points. The difference between temperatures in point 1 on conventional tool insert and conformal cooling tool insert after 8 s is 16 K which represents 5 percent of difference in temperature. Difference in other four points is about 20 percent or about 70 K. Results show that current mould tool insert is really unevenly cooled down because cooling channels are only on one side of the tool insert. There is not enough space on that insert for producing channels on other sides by machining. But with additive manufacturing it is possible to manufacture cooling channels which are evenly arranged on all sides of tool insert. 
Hybrid manufacturing of conformal cooling injection mould insert
In this section follows a description of hybrid manufacturing of conformal cooling injection mould insert. Hybrid manufacturing means that one product is divided in two or more parts and then is manufactured with two completely different technologies. In our case one part is done by machining and the other by additive manufacturing of metal powder. Machining makes a product by subtracting material from raw blocks or workpiece. Additive manufacturing technologies are processes opposite to machining. Material is added layer by layer to form the final products. The basis for production with hybrid manufacturing is that some part of product will be produced by technology which is the most advantageous for geometry and for material of this part. Therefore, the base part, this is usually the bottom part of injection mould tool, where the geometry is not complex and where the cooling system has only the straight holes, will be manufactured with conventional CNC machining from a block of raw material. The other part of products where there are curved channels of conformal cooling or another complex geometry will be manufactured by additive manufacturing, as this geometry is not economical or possible to be made by a conventional process. Moulding tool insert was divided in two parts before the start of the manufacturing. These two parts are presented in Fig. 8 . To the left is shown base bottom part with relatively simple geometry which is possible to be produced with machining. The upper part of tool insert which is shown on the right side of figure 8 has a very complex geometry because of conformal cooling channels. That part cannot be produced by machining because milling tool cannot reach the inner shape of tool insert.
Afterwards material is chosen. Tool steel MARLOK C1650 is a good choice for tools to be manufactured by additive manufacturing [9] . This has among other merits the advantage that it does not harden significantly during the building process. It is highly recommended that the whole product be from the same material, but it is not necessary. In this case both the base and the upper part of the tool insert are made of tool steel MARLOK C1650. With the same material the heat treatment between milling process and additive process is eliminated.
First the base bottom part has been manufactured by machining. The machined base part is presented in Fig. 9 . Base part had 0,5 mm offset in all directions, except in the direction of the Z axis. Offset is demanded because positioning of the base parts on machine for additive manufacturing has some inaccuracy. Offset is demanded also because surface has bad roughness after additive manufacturing; therefore it is necessary that product is finished by machining. Then the upper surface of the base part has been sandblasted. With sandblasting more absorptive surface has been provided. Excessive reflectivity does not obtain the required temperature of powder and reflected beams can damage the machine. Five base parts have been manufactured. Afterwards all five base parts have been mounted on pallet, each with two screws. Holes on pallet have known positions and then the position of the tool inserts too. Positions and height of base parts have been forwarded to the control system of additive machine. Pallet with base parts has been clamped on machine for additive manufacturing. Then the empty space between base parts has been filled with powder manually. Powder scraper adds powder on upper surface of base part when the additive process starts. Metal powder in cross section of the first layer has been melted by laser and then the process is going forward layer by layer. After tool insert has been finished on the machine for selective laser melting, loose powder has been removed from channels with air blow and finally finish machining has been performed on tool inserts. Fig. 10 presents tool insert after additive manufacturing and finish machining. 
Approving the results of the simulations
After hybrid manufacturing of the moulding tool insert, recording of the cooling of both moulding tool inserts with a thermal camera was performed to confirm the results of the cooling simulation. Fig. 11 presents thermal images of the cooling process of both moulding tool inserts. On the left side, cooling of the conventional tooling insert is presented, whilst cooling of the tooling insert with conformal cooling channels is presented on the right. In the first line thermal images before cooling (t = 0 s) are shown. The temperature of both tooling insert was about 373 K, due to heating with boiling water. Therefore, the initial temperature in the simulation was set to 373 K. After the tooling inserts were heated to the initial temperature, cooling with water at 293 K was performed. Thermal images of the tooling insert after 4 s of cooling are presented in the middle and images after 8 s of cooling are presented in the bottom of Fig. 11 . Very similar results to those in the simulation can be seen. The cooling of the conventional tooling insert was very uneven. Good cooling was detected only around point 1 in Fig. 5 . On the other hand, the conformal cooling tooling insert was cooled uniformly over the entire surface.
The conformal cooling tooling was used in a test production series where the cooling cycle was reduced by about 40 %.
Conclusions
The cooling of injection mould inserts was significantly improved with conformal cooling channels. With improved cooling the cooling cycle was reduced by 40 %, which is very important in mass production, a good example of which is tube shoulder manufacturing. One even more important aspect is the improvement in the uniformity of the cooling of the studied injection moulding tools. This will improve the quality of injection mould products. Hybrid manufacturing of injection mould tool inserts with conformal cooling channels provides optimal finished products at optimal price. This means that the production cost while using hybrid manufacturing technology is, in our case, reduced by about 20 % with respect to tool inserts made entirely with additive manufacturing. The injection moulding process using tool inserts with conformal cooling channels made by hybrid manufacturing is more economical compared to an injection moulding process using conventional tool inserts made by machining, when taking into consideration the 40 % reduction in the cooling cycle.
Furthermore, the developed injection mould insert with conformal cooling channels will be used in serial production of the tubes shoulders.
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